Shibata S, Levine BD. Biological aortic age derived from the arterial pressure waveform. J Appl Physiol 110: 981-987, 2011. First published February 3, 2011 doi:10.1152/japplphysiol.01261.2010.-Indexes for arterial stiffness are, by their nature, influenced by the ambient blood pressure due to the curvilinear nature of arterial compliance. We developed a new concept of the "Modelflow aortic age," which is, theoretically, not influenced by the ambient blood pressure and provides an easily understood context (biological vs. chronological age) for measures of arterial stiffness. The purpose of the present study was to validate this pressure-independent index for aortic stiffness in humans. Twelve sedentary elderly (65-77 yr), 11 Masters athletes (65-73 yr), and 12 sedentary young individuals (20 -42 yr) were studied. Modelflow aortic ages were comparable with chronological ages in both sedentary groups, indicating that healthy sedentary individuals have age-appropriate aortas. In contrast, Masters athletes showed younger Modelflow aortic ages than their chronological ages. The coefficient of variation of sedentary subjects was three times smaller with the Modelflow aortic age (21%) than with other indexes, such as static systemic arterial stiffness (61%), central pulse wave velocity (61%), or carotid ␤-stiffness index (58%). The typical error was very small and two times smaller in the Modelflow aortic age (Ͻ7%) than in static systemic arterial stiffness (Ͼ13%) during cardiac unloading by lower body negative pressure. The Modelflow aortic age can more precisely and reliably estimate aortic stiffening with aging and modifiers, such as life-long exercise training compared with the pressure-dependent index of static systemic arterial stiffness, and provides a physiologically relevant and clinically compelling context for such measurements. arterial stiffness; aging; Modelflow ARTERIOSCLEROSIS WITH AGING leads to large-vessel arterial stiffening in humans. This process is characterized primarily by the development of fibrosis and degeneration of elastin, which result in structural changes in the arterial wall (28, 29). Indeed, work by Langewouters et al. (30, 31) and Wesseling et al. (49) showed that structural properties of the thoracic and abdominal aortas are altered linearly with age in humans and are clinically relevant. Large arterial stiffness is an independent predictor of mortality and morbidity from cardiovascular disease in the elderly population (3, 4, 7, 11, 33, 37, 39, 44, 50) .
compliance curve to the flatter portion, resulting in functionally stiffer arteries on the same arterial compliance curve. Therefore, it is virtually impossible to distinguish between conditions in which high blood pressure causes functionally stiffer arteries by changing the operational point on the same compliance curve, from one in which mechanically stiff arteries (changes in the compliance curve itself) lead to high blood pressure due to impaired buffering of the arterial pressure waveform. Therefore, an index for aortic stiffness that is not affected by the ambient blood pressure is warranted. At present, among commonly used indexes for arterial stiffness, only the ␤-stiffness index considers the curvilinear relationship of arterial compliance curve using a simple exponential correction (20) .
The Modelflow method has been utilized in clinical settings and/or physiological studies to estimate aortic flow and thus stroke volume from the arterial blood pressure waveform via aortic input impedance (5) . Since the aortic input impedance used in the Modelflow calculation is generated from the known age-related changes in the aortic pressure-area relationship, the Modelflow system requires both the arterial pressure waveform and subject chronological age as input variables to estimate stroke volume (49) . We have recently developed a new concept of the "Modelflow aortic age" by inversely applying the original Modelflow method, in which the arterial pressure waveform and stroke volume are required as input variables (see Supplemental Appendix; the online version of this article contains supplemental data). Importantly, the Modelflow aortic age, which reflects age-related changes in the aortic pressurearea relationship, is theoretically not influenced by the ambient blood pressure, because it considers the entire aortic compliance curve in its calculations. Although this new index is a strong candidate for an aortic stiffness index independent from ambient pressure, its validity has not been examined in humans.
The objectives of this study were twofold. First, we aimed to examine whether the Modelflow aortic age can quantify agerelated increases in aortic stiffness without an influence of ambient blood pressure in humans. Second, we aimed to examine the effect of habitual vigorous exercise training on aortic stiffness in elderly subjects, as evidence that aortic age calculated in this fashion is sensitive to physiologically and clinically relevant stimuli to large vessel structure. We hypothesized that the Modelflow aortic age would reflect age-related intrinsic changes of the aortic wall, and that aortic stiffening with aging, as evidenced by an increased Modelflow aortic age, would be attenuated by life-long vigorous exercise training.
METHODS

Subjects
Twelve healthy sedentary young (age: 20 -42 yr old) and 12 healthy sedentary elderly (age: 65-77 yr old) subjects were recruited to assess the effects of healthy sedentary aging on aortic stiffness. Eleven Masters athletes (fit elderly, age: 65-73 yr old) were also recruited to address whether their aortic ages are "younger" than their chronological age, since it has been reported that Masters athletes have more youthfulappearing cardiovascular structure and function (1, 47) .
Subjects were excluded if one of following was present: 1) physiologically significant obstructive coronary artery disease, as determined by provocative ischemia during exercise electrocardiogram and echocardiogram; 2) significant valvular heart disease by echocardiogram; 3) renal dysfunction (serum creatinine Ͼ 2.0 mg/dl); 4) previous coronary artery bypass surgery; 5) arrhythmias, such as atrial fibrillation/flutter or left bundle branch block; 6) diabetes mellitus; 7) lung disease (pulmonary hypertension or chronic obstructive pulmonary disease); 8) untreated thyroid disorders; 9) hypertension (mean daytime blood pressure Ͼ 140/90 mmHg); 10) regular cigarette smoking within the previous 10 yr; 11) body mass index Ͼ 30 kg/m 2 ; and 12) currently using cardiovascular medication.
Sedentary subjects were excluded if they engaged in endurance exercise for more than 30 min/session, three times per week. Masters athletes had participated in regular endurance competitions for 23 Ϯ 8 yr (mean Ϯ SD), with a weekly running mileage of 32 Ϯ 10 miles or equivalent swimming or cycling training.
The experimental procedures were explained to all subjects, with informed consent obtained, as approved by the Institutional Review Boards of the University of Texas Southwestern Medical Center at Dallas and Texas Health Presbyterian Hospital Dallas.
Measurements
All experiments were performed in the morning at least 2 h after a light breakfast in a quiet environmentally controlled laboratory, with an ambient temperature of 22-25°C. The subjects were asked to refrain from heavy exercise and caffeinated or alcoholic beverages for at least 24 h before the tests. All measurements were performed in the supine position.
Stroke volume. A flow-directed, thermistor-tipped pulmonary artery catheter was inserted in the antecubital vein and advanced under fluoroscopic guidance into the main or proximal right pulmonary artery. Cardiac output determinations were based on the temperature changes recorded at the pulmonary artery after 10 ml of 0°C isotonic saline was injected into the right atrium (thermodilution method). Stroke volume was calculated from cardiac output, and each coincident heart rate from a three-lead ECG.
Stroke volumes were also measured noninvasively with the foreign gas (C2H2) rebreathing method (15, 23, 32, 42) to confirm the clinical utility of this index using available noninvasive methods.
Blood pressure. Finger arterial pressure waveform was recorded by volume-clamp method with Photoplethysmography and Physiocal calibration (Portapres). Central arterial pressure waveform was mathematically reconstructed from the finger arterial pressure waveform (Beatscope 1.1a, FMS) (25) . This reconstructed central blood pressure waveform was used for both the Modelflow aortic age and static systemic arterial stiffness calculation.
Lower body negative pressure. To examine effects of blood pressure changes on the Modelflow aortic age, cardiac filling pressure was decreased in the sedentary elderly by applying lower body negative pressure (LBNP), as previously described (1, 35) . We applied this physiological stimulus to alter stroke volume and blood pressure profiles rather than drug administration, since the drugs, which induce either vasodilatation or vasoconstriction, are likely to directly affect the target variable of the arterial pressure-area relationship, i.e., the Modelflow aortic age. Measurements of stroke volume and blood pressure were made 5 min after each Ϫ15-(LBNP 15) and Ϫ30-mmHg LBNP (LBNP 30) condition.
Data Analysis
The modelflow aortic age. The Modelflow aortic age was analyzed as described in the Supplemental Appendix. First, Modelflow stroke volumes were generated from a given central blood pressure waveform reconstructed from the finger blood pressure waveform (Beatscope 1.1a, FMS) by using input ages to the Modelflow system from 20 to 90 yr (49) . Then the linear regression analysis between the input age and generated Modelflow stroke volumes was constructed. The Modelflow aortic age was then determined by an inverse function of this linear regression equation using stroke volume measured with thermodilution or the C 2H2 rebreathing method. Thus, in essence, only the blood pressure waveform and an external measure of stroke volume are necessary to make a measurement of Modelflow aortic age.
Systemic arterial stiffness. The static systemic arterial stiffness was calculated from central arterial pulse pressure reconstructed from the finger blood pressure waveform divided by stroke volume from thermodilution (pulse pressure/stroke volume).
Other indexes. Central PWV and carotid ␤-stiffness index were measured by using Doppler and two-dimensional ultrasound (iE 33, Phillips) and applanation tonometry (SphygmoCor) using standard methods (11, 20, 34) , since, in addition to systemic arterial stiffness, these two approaches have also been used in most large epidemiological and physiological studies. We measured these indexes only in the resting supine position, and not during LBNP, because the primary purpose of this study was the comparison between static systemic arterial stiffness and the Modelflow aortic age, as both of them are calculated from the same physiological variables: blood pressure and stroke volume. Moreover, it is technically challenging to obtain central PWV during LBNP, since the subject's lower body is sealed by the LBNP box.
CENTRAL PWV. Central PWV was measured with Doppler ultrasound (iE 33, Phillips) and calculated as the distance between measurement sites divided by the time delay between the two waveforms (11, 34) . Pulse transit time was calculated by subtracting the time between the peak of the R-wave and the foot of the carotid flow profile from the time between the peak of the R-wave and the foot of the femoral flow profile. Distance between arterial measurement sites was calculated by subtracting the distance between the carotid site and the sternal notch from the distance between the sternal notch and the femoral site.
CAROTID ␤-STIFFNESS INDEX. ␤-Stiffness index of the common carotid artery was calculated from systolic and diastolic carotid dimensions and pressures (20, 34) . Sequential measurement of right common carotid and brachial pressure waveforms with applanation tonometry (SphygmoCor) was immediately followed by brachial arm cuff blood pressure measurement (Suntech). Systemic diastolic and mean blood pressures were estimated from the brachial blood pressure waveform calibrated with arm-cuff systolic and diastolic blood pressures. These mean and diastolic blood pressures were used to calibrate a right common carotid blood pressure waveform to obtain carotid systolic (Ps) and diastolic blood pressures (Pd) (26, 34) .
Cross-sectional area of the right common carotid artery was measured from the images derived from an ultrasound machine (iE33, Phillips) equipped with a high-resolution (Sono-CT) linear-array transducer (ϳ9 MHz). The measurements were made 1-2 cm proximal to the carotid bulb, with the transducer was placed at a 90°angle to the vessel so that near and far wall interfaces were clearly discernible. Acoustic quantification was applied for the edge detection of the internal arterial wall (Q-Lab, Phillips), and maximum and minimum areas were considered systolic (A s) and diastolic (Ad) areas. ␤-Stiffness index of common carotid artery was calculated by the following equation: ln(P d/Ps)/(As Ϫ Ad)/Ad. young individuals were compared by using one-way ANOVA. Differences in variables among different preload conditions of baseline, LBNP 15, and LBNP 30 were compared by using one-way repeated ANOVA. Student-Newman-Keuls corrected t-test was used for multiple comparisons during post hoc testing. Differences in variables between chronological age and the Modelflow aortic age were compared by using Student's paired t-tests. Statistics analysis was performed by computer software (SigmaStat 3.00, SPSS). P Ͻ 0.05 was considered to be statistically significant.
Age specificity was assessed as the coefficient of variation, which is calculated by group standard deviation divided by mean difference between groups. The reproducibility of indexes during LBNP was assessed as the typical error, which is calculated by the standard deviation of difference scores divided by ͌2 and expressed as a percentage of the grand mean (21) .
RESULTS
Subject Characteristics
The sedentary elderly had higher body mass index and lower peak O 2 uptake compared with the sedentary young and fit elderly; however, weight and height were not different between the groups (Table 1) . Reconstructed central systolic and pulse pressures were higher, and stroke volume was smaller, in the sedentary elderly than in the sedentary young and fit elderly (Table 1) .
Modelflow Aortic Age vs. Chronological Age
Modelflow aortic ages were comparable with chronological ages in both sedentary young and elderly, indicating that healthy sedentary subjects have aortas whose compliance is consistent with their actual age (Fig. 1A) . Fit elderly had significantly younger Modelflow aortic ages than their chronological ages, indicating that the fit elderly have aortas that are more compliant than those of their age-matched peers (Fig.  1A) . Similar results were obtained when stroke volume from the noninvasive method (C 2 H 2 rebreathing) was used as the input stroke volume (Fig. 1B) .
Modelflow Aortic Age vs. Other Indexes
There were significant differences in both the Modelflow aortic age, static systemic arterial stiffness, central PWV, and carotid ␤-stiffness index between sedentary young vs. elderly, and between sedentary vs. fit elderly at baseline (Fig. 2) , suggesting that all methods can similarly identify arterial stiffening with aging, as well as the beneficial effects of exercise training. However, the coefficient of variation between young vs. elderly (standard deviation divided by mean difference between sedentary young vs. elderly) was approximately three times smaller in the Modelflow aortic age than in the static systemic arterial stiffness, central PWV, or carotid ␤-stiffness index (Fig. 2) , indicating that the Modelflow aortic age can more precisely identify arterial stiffening with aging compared with the static systemic arterial stiffness. Moreover, the coefficient of variation between sedentary vs. fit elderly was also more than three times smaller in the Modelflow aortic age than in the static systemic arterial stiffness, central PWV, or carotid beat stiffness index (Fig. 2) .
Modelflow Aortic Age vs. Systemic Arterial Stiffness During LBNP
As expected, reconstructed central blood pressures and stroke volume decreased with increasing levels of LBNP, confirming the predicted changes in hemodynamics during LBNP (Table 2) . Typical error as a coefficient of variation between baseline vs. LBNP 15 and between LBNP 15 vs. LBNP 30 was very small (Ͻ7%) as a physiological index in the Modelflow aortic age and was approximately two times smaller than that observed for static systemic arterial stiffness (Ͼ12%) ( Table 3) .
DISCUSSION
The primary findings of the present study were as follows: 1) the Modelflow aortic age, which conceptually reflects structural changes of the aortic wall with aging, indeed reflected aortic stiffening with healthy sedentary aging in humans; 2) the Modelflow aortic age could more precisely and specifically quantify aortic stiffening with aging compared with the static systemic arterial stiffness, central PWV, or ␤-stiffness index; and 3) Masters athletes exhibited a younger Modelflow aortic age compared with their chronological age, indicating that the Modelflow aortic age is sensitive to the beneficial effects of exercise training on aortic compliance.
Modelflow Aortic Age vs. Chronological Age
The finding that the Modelflow aortic ages were comparable with chronological ages in healthy sedentary subjects confirms our hypothesis that the Modelflow aortic age reflects aortic stiffening associated with age-related structural changes in the aortic wall. The Modelflow system for stroke volume estimation has been validated by several clinical or physiological studies in healthy individuals (5, 19, 45, 48) . Since the Modelflow aortic age calculation is based on an inverse function of the Modelflow stroke volume calculation, this finding is consistent with these previous studies. Furthermore, the present finding proved the validity of the Modelflow system separately for young and elderly populations, which has not been done in previous studies. The fact that the Modelflow system works well, regardless of subject age, is essential for the concept of the Modelflow aortic age, since, if the Modelflow system is affected by age itself, it will serve as a confounding factor for the aortic age estimation.
In contrast to healthy sedentary individuals, Masters athletes had younger Modelflow aortic ages than their chronological age, consistent with previous findings using central PWV, carotid ␤-stiffness index, or static systemic arterial compliance that exercise training ameliorates age-related changes in aortic compliance (8, 46, 47) . This fact supports the notion that the Modelfow aortic age would be sensitive to physiologically relevant stimuli to aortic aging. Moreover, the present finding may provide evidence that life-long exercise training attenuates aortic stiffening with aging by changing structural or functional components of the aortic wall, which has theoretically never been proven by pressure-dependent indexes, since there remains the possibility that the beneficial effects of exercise 
Modelflow Aortic Age vs. Other Indexes
Recent epidemiological studies have shown that pulse pressure is a stronger predictor of the risks of cardiovascular disease compared with diastolic or mean blood pressure in those over 50 yr of age (16 -18) . Pulse pressure arises as a consequence of blood flow ejected by the left ventricle and a buffering or cushioning function of the entire arterial tree, that is, systemic arterial compliance. Thus systemic arterial compliance or its reciprocal, arterial stiffness, is, in essence, characterized by the relationship between pulse pressure and stroke volume. In the present study, we used the ratio of pulse pressure to stroke volume as an index of static systemic arterial stiffness, according to previous reports (9, 12, 43) . Since animal studies have shown that the proximal aorta accounts for 60 -80% of static systemic arterial compliance (27, 43) , this index is considered to reflect primarily central aortic stiffening. Indeed, several recent studies have shown that the ratio of pulse pressure to stroke volume or its reciprocal predicts cardiovascular risks better than pulse pressure (13, 14, 36) . Overall, these findings collectively suggest that the static systemic arterial stiffness is a useful tool to estimate central arterial stiffening with aging compared with pulse pressure.
The Modelflow aortic age is determined by the aortic input impedance, a dynamic relationship between ascending aortic flow and thus stroke volume vs. central blood pressure via a three-element windkessel model (Supplemental Appendix). Consequently, the Modelflow aortic age is also estimated from stroke volume and blood pressure similar to the static systemic arterial stiffness. Nevertheless, Modelflow aortic age was more precise in identifying age-specific changes in aortic stiffening with sedentary aging than was static systemic arterial stiffness. There are several possible explanations for this age specificity of the Modelflow aortic age: 1) the Modelflow aortic age reflects dynamic aspects of arterial properties, while the static systemic arterial stiffness only reflects the static aspect of arterial compliance. Since the actual aortic pressure-flow relationship is dynamic, the Modelflow aortic age can more accurately estimate arterial properties than a static function of systemic arterial stiffness; 2) Modelflow aortic age is conceptually not influenced by the ambient blood pressure, while the static systemic arterial stiffness is confounded by the ambient blood pressure; and 3) Modelflow aortic age specifically (theoretically 100%) reflects only central aortic stiffening with aging, where aging effects on arteries are most manifest (and clinically relevant), while the static systemic arterial stiffness is a crude estimation for the entire arterial system, including branches out of the aorta, even though 60 -80% changes in systemic arterial stiffness can be explained by the central aorta (27, 43) . Our findings suggest that the Modelflow aortic age would be a better approach to accurately quantify aortic stiffening with human sedentary aging than the static systemic arterial stiffness. Whether this index for aortic stiffness would be a better predictor for the risk of cardiovascular diseases than the static systemic arterial stiffness or pulse pressure would need to be addressed in future studies.
We compared the Modelflow aortic age primarily with static systemic arterial stiffness, since both the Modelflow aortic age and static systemic arterial stiffness are generated similarly from blood pressure and stroke volume, which would allow the most direct comparison between two techniques to evaluate aortic structure. However, the age specificity of the Modelflow aortic age was equally superior to other indexes, such as central PWV and ␤-stiffness index, which have been widely used for recent epidemiological and physiological studies, with an approximately threefold reduction in coefficient of variation. To confirm that this comparison was not due to imprecise measurements of these indexes in our own laboratory, we also estimated the coefficient of variation of central PWV (82%) (47) and ␤-stiffness index of the common carotid artery (88%) (46) from previously published studies, which reported data from cohorts similar to those of the present study; both of these coefficients of variation are also substantially higher than that of the Modelflow aortic age by approximately fourfold. Collectively, these additional comparisons strongly support the utility of the Modelflow aortic age as an age-specific index compared with other indexes for assessing central arterial stiffness.
Since the ␤-stiffness index also considers the curvilinear aortic compliance curve using an exponential correction (20) , the age specificity of the Modelflow aortic age over the ␤-stiffness index may not be explained by the fact that the Modelflow aortic age is a pressure-independent index. However, pioneering work by Langewouters et al. (31) showed that an arctangent model with three free parameters explained Ͼ99% of the variance in area with pressure for each human aorta, providing strong evidence that the aortic compliance curve is best characterized by this sigmoid curve with the arctangent equation. Moreover, Wesseling et al. (49) showed that parameters of this arctangent model are linearly related with chronological age in human adults, on which the concept of the Modelflow aortic age is based. It is less likely that the simple exponential correction in the ␤-stiffness index reflects the full sigmoid curve of aortic pressure-area relationship, as well as age-related changes in the entire curve, particular when diastolic blood pressure is lower than the reflection points of the sigmoid curve. Therefore, the ␤-stiffness index may not be as blood pressure independent as the Modelflow aortic age.
Reproducibility of the Modelflow Aortic Age
Consistent with our hypotheses, the Modelflow aortic age showed a high reproducibility during blood pressure changes caused by cardiac unloading. Arterial stiffness indexes, such as PWV or static systemic arterial stiffness, are inherently confounded by the ambient blood pressures at which they are measured, since the arterial stress-strain relationship is not linear but curvilinear. Indeed, typical error was higher for systemic arterial stiffness than for the Modelflow aortic age in the present study. Although several methods of correcting for differences in distending pressure have been developed, including a statistical correction (40) or mathematical manipulation of the stiffness index (2, 20) , until now there have been no established methods for evaluating arterial stiffness completely independent from ambient blood pressure. Therefore, the finding that the Modelflow aortic age is not substantially influenced by hemodynamic changes during LBNP strongly supports the clinical and/or practical utility of the Modelflow aortic age. The high reproducibility of the Modelflow aortic age suggests 985 BIOLOGICAL AORTIC AGE IN HUMANS that this index is particularly useful to examine the effect of exercise training, anti-hypertensive drugs, or other interventions that involve blood pressure changes.
Clinical Implications
The present study primarily used stroke volume calculated from thermodilution, which required invasive right heart catheterization. However, noninvasive approaches to stroke volume estimation, such as foreign gas or CO 2 rebreathing methods (32), ascending aortic flow measurement with Doppler (6), or B-mode echocardiography (10), etc., could be used for physiological or clinical noninvasive studies, since the concept of the Modelflow aortic age is not affected by the method of stroke volume estimation. Indeed, the Modelflow aortic ages calculated from the noninvasive method, C 2 H 2 rebreathing, were comparable with those from thermodilution in the present study (Fig. 1B) , confirming the reliability of the Modelflow aortic age with noninvasive methods, which are widely available (15, 42) .
It should be emphasized that, because of its intuitive simplicity, the concept of aortic age might be much more meaningful for individual patients and has the potential to be a powerful motivating tool. For example, a 50-yr-old patient who is not very compliant with life-style interventions might be much more compelled by knowing that he had the aortic age of a 75 yr old, than he would be if he were told his ␤-stiffness index or PWV.
Study Limitations
Several limitations for the clinical utility of the Modelflow aortic age should be acknowledged, despite its conceptual advantages. First, the fundamental basis that supports the Modelflow aortic age was derived from the previous work characterizing age-related changes in aortic compliance parameters using human adults aged 20 up to 88 yr old (49) . Thus this concept is most reliably utilized to quantify the aging process of aortic stiffening up to 88 yr old and possibly older, but not the growing process (children), limiting the lowest value of the Modelflow aortic age to 20 yr old. However, the clinical utility of the Modelflow aortic age would not be substantially attenuated, since aortic stiffness index is most relevant to the elderly population in clinical settings as a risk factor of cardiovascular diseases.
Second, we used commercially available software (BeatScope) to generate the central blood pressure waveforms from finger blood pressure waveforms, as well as the Modelflow system calculation. The detailed mathematical and engineering steps of this method are proprietary information; although the general physiological concepts underlying these mathematical models are published and accessible (25, 49) , this fact may limit the further development and application of this index.
Third, since the accuracy of the mathematically derived central blood pressure waveforms, as well as the Modelflow method, has not been well validated under physiological stress, such as LBNP, thermal stress, acute exercise, etc., the interpretation of the Modelflow aortic age measured under uncontrolled environmental and/or physical conditions needs to consider this limitation. However, the present finding that the Modelflow aortic age differed only slightly during LBNP supports the reliability of this index under moderate orthostatic stress. Moreover, the fact that the validity of the Modelflow method to estimate stroke volume has been confirmed by numerous studies (5, 19, 22, 24, 48, 49) , including during open-heart cardiac surgery, which involves huge hemodynamic changes beyond normal physiological conditions, also supports the reliability of the Modelflow aortic age under various physiological conditions.
Conclusion
The Modelflow aortic age, which conceptually reflects the intrinsic structural changes associated with human aging, indeed accurately reflected aortic stiffening with healthy sedentary aging. Consistent with the concept, this index was not significantly influenced by hemodynamic changes, indicating that this index is reliable for quantifying intrinsic aortic stiffening with human aging. The fact that this index is sensitive to the effects of physiologically relevant stimuli, i.e., exercise training on aortic stiffening with aging, further supports the reliability and utility of this index, which provides an intuitive and easily understood context (biological age vs. chronological age) for measures of arterial stiffness.
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